Factors associated univariately with significantly increased mortality were young age, raised atrial and ventricular end-diastolic pressures, low weight, high admission blood urea, preoperative ventilation, and a large ventricular septal defect. All but the last two were also closely associated with each other.
their ventricular septal defect was too large and had not been dealt with.
It is relatively simple to assess the size of an isolated ventricular septal defect in infancy on the basis of the size of the left-to-right shunt and the degree of pulmonary hypertension. The presence of an associated coarctation, however, makes this more difficult. Infants tend to present much earlier, at a time when pulmonary vascular resistance has, at least in theory, fallen very little from its birth level (this phenomenon also may cause problems in achieving adequate banding). Whether this theory is correct or not, young infants with isolated coarctation of the aorta frequently present with either severe pulmonary hypertension,8 9 a left-to-right shunt at atrial level through a stretched foramen ovale,8 or both. It is, therefore, difficult to determine the respective roles played by the ventricular septal defect and the coarctation in determining the size of the left-to-right shunt and the degree of pulmonary hypertension, especially where tricuspid regurgitation is secondary to right ventricular failure, or mitral regurgitation is also present.
This study was therefore carried out to determine the risk factors that were associated with relief of coarctation without banding for ventricular septal defect, and whether a group of patients could be identified who were at special risk on account of the size of the ventricular septal defect.
Subjects and methods
Between 1 January 1972 and 1 February 1980, 41 patients under 4 months of age with coarctation and ventricular septal defect, but without mitral stenosis or severe left ventricular hypoplasia, had their coarctation relieved. Several patients had associated mitral regurgitation at the time of the study but, as it was not always known whether this was the result of a mitral abnormality or left ventricular failure, these patients were included. Two of these also had banding of the pulmonary artery and have therefore been excluded from the study. No patient was refused operation because they were too sick, and no patient died before reaching the operating theatre. Most patients had had adequate treatment with digoxin and diuretics before referral, and only when this had not occurred was a 48-hour period of intensive medical treatment tried before surgery was undertaken.
The preoperative haemodynamic data, biplane cineangiocardiograms, and operation notes were reviewed and patients counted as dying if they died in hospital before discharge or closure of ventricular septal defect.
Raw rather than derived data were coded and punched onto cards, and the necessary calculations made by a Fortran program run on a Control Data Corporation 6600 computer at the University of London Computing Centre.
Because of the frequency of left-to-right shunts at atrial level, mixed venous oxygen saturation was calculated as (3 x SVC + IVC) + 4, where SVC is the superior vena caval, and IVC the inferior vena caval oxygen saturation (%). Pulmonary venous, and pulmonary and systemic arterial saturations were normally taken as a mean of two or three samples. But when the mean left artrial pressure was at least 2 mmHg higher than right atrial pressure left atrial saturation was taken as the mean pulmonary venous saturation. When calculating oxygen content, 0.3 ml/100 ml per 100 mmHg partial pressure of oxygen was added as oxygen dissolved in the plasma to haemoglobin bound oxygen. The left-to-right shunt was expressed as the percentage of pulmonary arterial blood derived from pulmonary venous blood. This calculation, unlike that of pulmonary/systemic flow ratio, does not depend on knowledge of mixed systemic arterial saturation (in the presence of a coarctation and its associated ductus, it cannot be assumed that ascending and descending aortic saturations are equal).
The angiocardiograms were reviewed by one observer (FJM) not aware of the anatomical findings or fate of the patient. Measurements of the diameter of the ascending aorta, isthmus, and descending aorta were made at the points defined by Sinha and colleagues9, the only difference in methodology being that, in seven instances, measurements were made from a left anterior oblique projection associated in five cases with craniocaudal tilt. Because of differences in magnification factor, the diameter of the isthmus was expressed as a ratio of its diameter to that of the ascending and descending aorta, respectively.
Assessment of the size of the ventricular septal defect by angiocardiography was made difficult by the prevalence of frontal and lateral projections in the early years of the study. From the 38 angiocardiograms available (one patient had none), the size of the ventricular septal defect was assessed from a lateral projection in 21, and a left anterior oblique in 17, in six of which craniocaudal tilt was added. The septum was always profiled in oblique projections, and was also profiled (because of right ventricular enlargement) in 11 lateral projections. Thus it was possible to measure the ratio between the width of the ventricular septal defect and the length of the left ventricular cavity (apex to aortic valve adjacent to septum) in 28 patients. In the case of multiple defects the sum of the widths was used to calculate what will be termed the ventricular septal ratio.
After studying the relation between ventricular septal ratio and (a) left-to-right shunt and (b) the ratio between right and left ventricular systolic pressures, the following algorithm was then applied to categorising ventricular septal defect size.
If the ventricular septal ratio was known, the defect was classified as small for a ratio <0 125, large for a ratio >0 25, and medium otherwise. If the ventricular septal ratio was not known, the defect was initially categorised as small if a jet was seen entering the right from the left ventricle, medium if there was no jet but obvious dilution of contrast medium in the right ventricle, and large if there was dense opacification of the right ventricle. This classification was then overridden if the right ventricular systolic pressure was less than 80% of the left ventricular systolic pressure. If this was true and the left-to-right shunt was less than 35%, the defect was classified as small; if between 35% and 55%, the defect was classified as medium. The categorisation was then normalised according to the transformation suggested by Mosteller and Tukey.'0
The site and number of ventricular septal defects were also observed from the angiocardiogram, as well as the relation of the coarctation to the ductus.
The output from this Fortran program was then put onto disc and read into the Statistical package for the social sciences"1 for cross-tabulation, unpaired two-tailed t tests, bivariate regression, and stepwise discriminant function analysis, predicting death or survival. Transformations were carried out where necessary to normalise data and remove statistically significant difference in variance before performing Student's t test. The test for trend in discontinuous variables employed was that advocated by Snedecor and Cochran. 12 The precise method of use of stepwise discriminant function is as previously described,'3 except that ventricular septal defect size was forced into the analysis, so that the effect of other factors, given that size, could be assessed. After deciding on the most valuable discriminant function, a data set containing no missing values for any of the predictive variables was then tested for its discriminating capacity on an unknown population by jack-knifing, using the Genstat14 macro routine on the CDC 7600 computer at the University of London Computing Centre. Finally, a set of imaginary patients was created by forming combinations of the different factors in the discriminant function and calculating probabilities of survival for individuals by the Bayesian method available in the Statistical packagefor the social sciences.
Results

PROFILE OF POPULATION
These patients were ill at the start of cardiac catheterisation. Their ages ranged from 2 to 109 days (median 19-3 days)* and 44% were 2 weeks old or younger. The weights ranged from 2-2 to 4-8 kg (mean 3-3±SD 0 68). The left ventricular enddiastolic pressure ranged from 4 to 35 mmHg (mean 15 mmHg) and 39% of patients had a right atrial mean pressure above 10 mmHg. The initial base excess varied from -21 mEq/1 to + 14 mEq/1 (median -4 6). Systemic arterial pH ranged from 7 12 to 7-62 (median 7 36) . Eleven patients required ventilation even before the cardiac catheterisation because of their critical condition. The blood urea varied from 2-4 to 20-0 (median 7 1) mmol/litre. In one patient, peritoneal dialysis was begun for acute renal failure even before cardiac catheterisation. At that time, no patients received prostaglandins to maintain duct patency, which was always present.
The site and type of ventricular septal defect was impossible to ascertain preoperatively in four patients. Of the remaining 35 patients, nine (23 1%) were judged to have multiple defects, 15 (38 5%) a single perimembranous defect, eight (20 5%) a single trabecular (muscular) defect, two (5 7%) a single high defect (unspecified), and one (2 8%) a single infundibular subarterial defect. The mean left-toright shunt was 63-8% (± SD .
In every case, the ductus arteriosus and descending aorta formed a smooth continuous curve. The posterior wall of the isthmus, instead of continuing smoothly into the posterior wall of the descending aorta; turned forward to insert into it at an angle, that angle being the coarctation. The ratio between the diameters of isthmus and aorta could be assessed in all but three cases. Isthmus/ascending aorta ratio ranged from 0 17 to 0 64 (mean 0-431 ± SD 0 103) and isthmus/descending aorta ratio from 0 33 to 1 0 (mean 0 599 ± SD 0-16 tended to be higher in those who died, but this difference was not statistically significant. Tables 3 to 5 list discontinuous factors significantly associated with death or survival. These are dialysis (in each case peritoneal) after operation, mechanical ventilation before cardiac catheterisation, and the size of the ventricular septal defect. There was no association with the site or number of ventricular septal defects, the method of repair of coarctation, or the year of surgical repair.
INTERACTION BETWEEN DIFFERENT FACTORS
There was a significant positive correlation between the ratio between the right and left ventricular systolic pressure ratios and the ventricular septal ratio (r = 043, p < 005) (Fig. 1) , though there was no correlation between the latter and the left-to-right shunt (r = 006, n = 27). This lack of correlation was, however, the result of a single patient with a septal ratio of 0 58, measured from the lateral angiocardiogram, and a shunt of 38%. The shunt was positively correlated with the left ventricular enddiastolic pressure (r = 038, p < 002) (Fig. 2) . Age at operation Fig. 3 Relation between age and left atrial mean pressure. There was no correlation between age, shunt, or ventricular systolic pressure with the degree of isthmal hypoplasia as assessed by the ratios of diameters of isthmus and ascending or descending aorta.
There was a weak positive correlation (r = 0'39, p < 0 02) between loglo age and base excess, and a strong negative correlation between log1o age and right atrial mean pressure (r = -0-68, p < 0 00002), left atrial mean pressure (r = -0-55, p < 0 0005) (Fig. 3) , left ventricular end-diastolic pressure (r = -0-62, p < 0100005), and blood urea (r = -0 44, p < 0-01). The correlation between log1o age and shunt was negative, but not statistically significant.
Patients who ultimately underwent dialysis had a significantly (p < 0-005) higher admission blood urea (mean 117 ± SE 1-6 mmol/l) than did those who did not (mean 6-7 ± SE 0-7 mmol/l). There was a There was a strong tendency for high blood ureas to be associated with low descending aortic systolic pressures (Fig. 4) , though the statistical significance of this relation was vitiated by two patients in whom the ductus was probably labile.
MULTIVARIATE PREDICTION OF DEATH
This was based on continuous variables, the single exception being the size of the ventricular septal defect, which was coded (according to the normalising transformation) -1-7 for small, 0105 for medium, and 0-7 for large defects. The simplest and most accurate prediction was based upon the size of the ventricular septal defect, the inferior vena caval saturation, the 20-
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16. pulmonary venous oxygen content, and blood urea concentration. Details of the discriminant function are shown in Table 6 , and the performance of the jack-knifed function in Table 7 . Fig. 5 gives the probability of survival for different combinations of predictors.
OUTCOME ACCORDING TO SIZE OF VENTRICULAR SEPTAL DEFECT, AND ACCURACY OF LATTER ASSESSMENT This is summarised in Fig. 6 . In one patient there had in retrospect been a gross misreading of lateral angiocardiogram. Confusion of a narrow initial jet with subsequent opacification of the whole width of the ventricular septal defect led to classification of the ventricular septal defect as small, when it in fact turned out to be 12 x 14 mm at surgical closure two years later. Apart from that, if a defect was classified as large, it was found to be at least 5 mm in diameter at necropsy or operation soon afterwards. If the defect was classified as medium or small, the maximum diameter was 3 mm at the same time, though in one patient classified as having a medium size defect the infundibular defect found at operation was probably slightly larger, but was not measured. In 38 of the patients in whom ventricular septal defect size could be assessed preoperatively, six (15'8%) spontaneous closures of the defect occurred, documented by left ventricular angiocardiography in three. In a further 16 patients (42 1%) the defect during follow-up was or became sufficiently small not to require further operation. By this we mean that in the six patients catheterised after repair of coarctation there were normal right sided pressures and a pulmonary/ systemic flow ratio less than 2:1. The clinical diagnosis of a small defect rested on a pansystolic or early systolic murmur at the lower left sternal border with a normal second heart sound and no diastolic murmur, absence of right ventricular hypertrophy on the electrocardiogram, and at most minimal cardio- Addition of a ventricular septal defect compounds the above problems by producing left ventricular volume overload, and making the pulmonary hypertension and therefore right ventricular pressure overload more likely.
The first organs, other than the heart, to suffer from this onslaught appear to be the kidneys, yet we were unable to find a report on surgical management of coarctation in infancy which documented renal performance preoperatively apart from a single case report of a patient with coarctation and aortic stenosis in whom relief of the coarctation dramatically reduced preoperative azotaemia.32 While the blood urea has its limitations as a measure of renal function it was, in our experience, an effective predictor both of surgical outcome and of the need for dialysis. Furthermore, it supplanted both age and weight on prediction of outcome by multivariate analysis, thereby supporting the previous contention6 that age per se is not a risk factor. With the size of the ventricular septal defect and the blood urea allowed for, pulmonary venous oxygen content and inferior vena caval oxygen saturation appeared as risk factors when they had not done so on univariate analysis. It is not difficult to see why pulmonary venous desaturation and a low haemoglobin concentration were associated with a worse prognosis. We interpret the fact that a low inferior vena caval oxygen saturation was a good prognostic sign as meaning that these patients had a wide arteriovenous oxygen difference across the lower half of the body and therefore a poor lower body systemic flow. They therefore stood to gain most from resection of the coarctation, given that their renal function was not already severely compromised.
Inspection of Fig. 5 shows that when preoperative blood urea is 12 mmol/litre or above (as it was in eight of the patients) the probability of survival is greater than 90% only in exceptional circumstances. Furthermore, our results show that in the majority of patients the lower the descending aortic systolic pressure, the higher the blood urea. Though one cannot be sure that altering a factor predicting poor survival will improve survival, this does suggest that use of prostaglandins preoperatively could improve overall outcome in patients with raised admission blood urea. Heymann and colleagues33 have documented an increase in descending aortic pressure on infusion of prostaglandin El in patients with juxtaductal coarctation. Though no measure of renal function was made, it was noted that all infants passed urine after prostaglandin infusion, though, in most instances, they had not voided for several hours previously. These authors took the view that reopening the ductus arteriosus had enabled ascending aortic blood to bypass the juxtaductal coarctation. It will be noted that our angiocardiographic description of the coarctation present in our patients is that of a preductal coarctation, which was also the operative diagnosis in most instances. We doubt whether this is of any great importance for two reasons. First, distinction between the two entities is so subtle that we have little doubt that the same lesion (that is a discrete coarctation with greater or less degrees of isthmal hypoplasia) is being described. Second, the clear demonstration in infants that the coarctation actually results from a sling of ductal tissue around the aorta34 35 raises the possibility that prostaglandins could act by relaxing the sling and thereby relieving the coarctation. The remarkable angiocardiograms published by Talner and Berman26 show a slight posterior shelf existing before closure of the ductus being pulled toward the ductus after ductal closure and forming a severe coarctation. It is difficult to escape the conclusion that longitudinal ductal constriction, including the sling of tissue, has produced this result. This hypothesis would also explain the constriction of the neonatal aorta by raised oxygen tension observed by Gillman and Burton36 in several animal species.
Thus, the first line of treatment in patients with evidence of depressed renal function appears to be a trial of prostaglandin together with routine antifailure treatment and transfusion of packed cells if necessary. When the maximum benefit, if any, has been achieved, cardiac catheterisation and angiocardiography can be carried out. Coarctation repair is then performed. The long term fate of small and medium sized ventricular septal defects, as we have defined them, suggests that there is no place in these groups either for pulmonary artery banding or for primary ventricular septal defect closure. Greater use of tilted oblique views of the interventricular septum should enable more accurate identification of large defects, and, in our experience, make visualisation of the coarctation if anything easier than standard frontal and lateral projections. Though one-stage coarctation repair and ventricular septal defect closure is an attractive idea, no successful series of any size in these very young infants has yet been reported. In those patients who, after preliminary medical treatment as outlined above, still have a less than 90% chance of surviving coarctation resection alone, our preference would be for pulmonary artery banding at the time of coarctation resection, with debanding and ventricular septal defect closure at 6 to 12 twelve months of age, hopefully before any undesirable complications of banding have ensued. Only in cases where ventricular septal defect closure would necessitate a left ventriculotomy would we postpone secondary repair until the second or third year of life.
